Articles you may be interested in Two-photon excitation microscopy using the second singlet state of fluorescent agents within the "tissue optical window" J. Appl. Phys. 114, 153102 (2013) Biomedical imaging applications that involve nonlinear optical processes such as sum-frequency generation (SFG) and four-wave mixing require that the pulses are synchronized in time and the beams are coaxial to better than 400 µrad. For this reason, folding mirrors are normally used to extend the beam path over a few meters so that detectors can be put into the beams to check their overlap at the start of a long path and also at the end of it. We have made a portable instrument with a footprint of only22cm× 11 cm × 16 cm that uses a short focal length lens and a telephoto combination for viewing the near-field and far-field simultaneously. Our instrument is simple to build and use, and we show its application in coherent anti-Stokes Raman scattering microscopy and SFG-based two-photon fluorescence microscopy.
I. INTRODUCTION
Current optical microscopy techniques for biomedical imaging routinely make use of the nonlinear process of wavemixing to either provide the excitation beam or to excite the specimen to produce the optical signal.
One such technique is coherent anti-Stokes Raman scattering (CARS) microscopy, a four-wave mixing process in which a pump beam, a Stokes beam, and a probe beam interact with the specimen and generate an anti-Stokes beam. This anti-Stokes beam is the CARS signal, and when the difference frequency between the pump and Stokes beams coincides with a molecular vibration within the specimen, this signal is greatly enhanced, making real-time imaging possible. [1] [2] [3] [4] [5] [6] Another optical microscopy technique that makes use of wave-mixing is sum-frequency generation (SFG)-based two-photon fluorescence microscopy. Traditionally, the femtosecond-pulsed Ti:sapphire laser is the excitation source for two-photon fluorescence imaging. 7 This laser provides an average power in excess of 1 W and is wavelength-tunable in the range of 690-1050 nm, which makes it ideal for imaging a wide range of endogenous and synthetic fluorophores. However, there are fluorophores such as NAD(P)H and flavoprotein that have peak two-photon excitation wavelengths deep into the ultraviolet that are not accessible by the Ti:sapphire laser. 8 In order to perform two-photon fluorescence imaging on these molecules, non-traditional laser sources are required and one route towards achieving this is by using SFG to provide a sub-700 nm excitation source for imaging in the ultraviolet range.
The four-wave mixing nature of CARS microscopy and the three-wave mixing nature of SFG-based two-photon fluorescence microscopy mean that both are multiphoton processes. This dictates that the strength of the generated signal is directly dependent on the temporal and spatial overlap of a) Electronic mail: rumelo.c.amor@strath.ac.uk. the incident pulses. [9] [10] [11] These techniques therefore require the standard method of achieving temporal overlap between two pulses, which is through optimization of the SFG output of the beams through a nonlinear crystal. 12 In the case of spatial overlap, the experimental setup normally incorporates a series of folding mirrors for evaluating beam overlap both in the near-field and far-field. 13, 14 The folded beam occupies much additional space in a laser system that is already large and the long path length exposes the beam to thermal and mechanical disturbance, which can negatively affect the performance of the microscope.
We have devised a compact optoelectronic instrument to replace the folded path to visualize spatial beam overlap. Using a lens of short focal length as a microscope and a telephoto combination of large focal length as a telescope, both forming images of the beam cross-sections in the same camera, we are able to view the beams in the near-field and far-field simultaneously, thus eliminating the need for switching between near-field and far-field views and saving space on the optical table and reducing the likelihood of eye or skin exposure to the laser beams.
II. EXPERIMENT
A key component of our instrument is a 50% beamsplitter (25 BI 00, Comar Instruments, UK) which divides the beams into near-field and far-field components, allowing a microscopic image of both beam cross-sections to be formed at a near position and a telescope image to be formed at an infinite distance, as shown in Fig. 1 . The effective focal length of the combination of a positive and negative lens is given by the equation: where f e is the effective focal length, f p is the focal length of the positive lens, f n is the focal length of the negative lens, and d is the distance between the two lenses. We have made a far-field optical system by using a 40 mm positive lens and a 25 mm negative lens separated by a distance of 15 mm in order to give an effective focal length of infinity, as given by Eq. (1). We show a ray diagram of the telephoto combination in Fig. 2 . By using this lens combination and a 75 mm lens for imaging the beams in the near-field, we are able to view the near-field and far-field at the same time using a single camera (DCU223C, Thorlabs GmbH, Germany). To ensure that the camera is not saturated, we placed individual continuously variable neutral density filters (NDL-10C-4, Thorlabs GmbH, Germany) in both the near-field and far-field beam paths to give control of the average power of both sources independently. To check whether the density of the filter altered the beam profiles thereby leading to erroneous alignment, we measured the beam ellipticity as a function of the optical density.
Before we proceed further, we first discuss the chromatic dispersion introduced by the wavelength difference between each pair of laser beams in both the CARS and SFG processes. The wavelength-dependence of the refractive index of a transparent optical material is given approximately by the Sellmeier formula, which is of the form:
where λ is the wavelength in micrometers and, for the borosilicate glass Schott BK7 used in our lenses here, the coefficients are A = 1.43131380, B = 0.84014624, C = 1.28897582 × 10 −2 , D = 0.97506873, and E = 100. 16 We calculated the refractive indices for our CARS pump and Stokes beams and our sum-frequency generation input beams and used these to obtain the focus difference between the beams as they propagate through the lenses. Comar Instruments specifies a center wavelength of 587 nm for the focal lengths of the lenses we have used here. At this wavelength, Eq. (2) gives a refractive index of 1.51682 for BK7. We use this refractive index to obtain the radii of curvature of our lenses from the lensmaker's equation:
where f is the focal length, n is the refractive index, R 1 and R 2 are the radii of curvature, and d is the thickness of the lens. To illustrate, we use our 40 mm planoconvex lens as an example. The radius of curvature R 2 for this lens is infinity. Using the refractive index for the center wavelength, we therefore obtain R 1 to be 20.673 mm from Eq. (3). Using this value for R 1 , we then calculate the wavelength-dependent focal lengths in Eq. (3) using the refractive indices from Eq. (2). We find that for our CARS pump and Stokes beams of 752 nm and 957 nm, respectively, there is a 291.75 µm focus difference. In the case of our SFG inputs of 1064 nm and 1538 nm, there is a 475.00 µm focus difference. We summarize our calculations for all three lenses in Table I . We have compensated for these focus differences by using mode-matching optics in the individual beam paths. In addition to addressing the dispersion in focal lengths, we also investigated dispersion in astigmatism by varying the centering of the beams on the lenses until the image contrast vanished in the resulting microscope image and quantifying the beam separation as viewed on the alignment device camera. Because of its extremely small footprint of only 22 cm × 11 cm × 16 cm, our near-field and far-field viewer can be inserted easily into the beam path to check that the beams are coaxial and removed again after any necessary adjustment. We used it thus to align and match the pump and Stokes beams in our homebuilt CARS microscope based on an optical parametric oscillator (OPO) synchronously pumped by a picosecond-pulsed Ti:sapphire laser. 18 This CARS microscope uses a Ti:sapphire laser output of 752 nm as the pump beam and an OPO signal with a wavelength range of 920-1200 nm as the Stokes beam, giving a Raman range of 2430-4960 cm −1 which covers the C-H stretching band, making it well-suited for imaging lipids in biological specimens. 19 The schematic diagram is shown in Fig. 3 . We define our near field as the point where the beams are just about to enter the microscope scan head and our far field to be at the microscope specimen plane. We use the pair of mirrors M5 and M6 for the pump beam, and M10 and M11 for the Stokes beam, to aid us in the alignment process. Using our alignment device, achieving spatial overlap and proper matching of beam diameters is straightforward and quickly done, producing a CARS image when the beams are coupled into the microscope scan head. The beam alignment is then further optimized to obtain maximum image contrast as viewed on the microscope. The device is therefore a useful tool in speeding up the CARS imaging process. We also used our device to align and match the input beams in our homebuilt SFG-based two-photon microscope, the schematic diagram of which is shown in Fig. 4 .T op r ovide the input beams for sum-frequency generation, we used a femtosecond-pulsed Yb-doped fibre laser output of 1064 nm and an OPO signal with a wavelength range of 1450-1600 nm. As with the CARS microscope, we used the nearfield and far-field viewer to achieve beam overlap and proper matching of beam diameters. Since the laser wavelengths are much longer in this microscope, we used an IR disk (VRC2, Thorlabs GmbH, Germany) in place of the camera to view the beam cross-sections. Achieving spatial overlap and matching of beam diameters is again straightforward, and we generate a sum-frequency output range of 622-636 nm well-suited for imaging fluorophores with peak two-photon excitation in the ultraviolet region. 20 The beam alignment is then further optimized to obtain maximum beam power as measured with a power meter. This sub-700 nm beam is then coupled into a homebuilt laser scanning microscope for two-photon imaging.
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III. RESULTS
We first show our results from the homebuilt CARS microscope. Figure 5 shows the spatially overlapped Ti:sapphire and OPO near-field and far-field beams as viewed on the camera. We found our near-field and far-field viewer sensitive to very small changes in the alignment of either beam, making it highly useful both for initial alignment setting and periodic maintenance. To investigate whether the density of the filters in the beam path altered the beam profiles thereby leading to erroneous alignment, we measured the beam ellipticity as a function of optical density and observed that the neutral density filter has no appreciable effect on the beam profiles. By evaluating the shift in the beam positions on the camera image as the beam alignment is adjusted, we observed that the pump and Stokes beams need to be coaxial to better than 400 µrad, otherwise the CARS image contrast vanishes. In addition, by varying the centering of the beams on the lenses, we observed that the CARS image contrast vanishes if the beams are offcenter by 50 µm, corresponding to a center-to-center distance of separation of 380 µm between the beams as viewed on the alignment device camera.
We show a sample image from our homebuilt CARS microscope in Fig. 6 . We imaged a fresh unstained mouse ear tissue using a pump wavelength of 752 nm and a Stokes wavelength of 957 nm, resulting in a Raman shift of 2850 cm −1 that coincides with the C-H stretch, suitable for imaging lipids in biological specimens. The image shows a cluster of lipid-rich sebaceous glands surrounding a hair follicle. The image size is 512 × 512 pixels taken at 1 frame per second. The pump power and Stokes power incident on the specimen were approximately 20 mW and 40 mW, respectively. Figure 7 shows a sample image from our homebuilt twophoton fluorescence microscope acquiring images using our sum-frequency-generated laser source. We imaged the radula of the marine snail Littorina, a rasp-like structure used for feeding. 22 The excitation wavelength is 630 nm, suitable for two-photon excitation of autofluorescence in the ultraviolet region. 23 The image shows the arrangement of chitinous teeth on the radula ribbon. The image size is 512 × 512 pixels taken at 2 frames per second. 
IV. CONCLUSION
In summary, we have described a simultaneous nearfield and far-field viewer to evaluate spatial overlap in wavemixing experiments. By using a telephoto combination and a short focal length lens, the near-field and far-field beams are viewed simultaneously on a single camera. We have demonstrated the application of the instrument for biomedical imaging by incorporating it in our homebuilt CARS and twophoton fluorescence microscopes.
